INTRODUCTION
Glycogen storage disease type III (GSD III; MIM #232400) is an autosomal recessive inherited disorder characterized by fasting hypoglycemia, growth retardation, hepatomegaly, progressive myopathy and cardiomyopathy. 1,2 GSD III is caused by a deficiency in the glycogen debranching enzyme, which has two independent catalytic activities: oligo-1, 4-1, 4-glucantransferase (EC 2.4.1.25) (transferase) and amylo-1, 6-glucosidase (EC 3.2.1.33) (glucosidase). Both activities are absent in the liver and the muscles in most patients with GSD III, which is named as subtype IIIa. Approximately 15% of the patients lose both two enzyme activity solely in the liver (subtype IIIb). Very few patients have been categorized to have selective loss of one of the two enzyme activities: isolated transferase deficiency (subtype IIId) and isolated glucosidase deficiency. Subtype IIIc was originally described as a reverse type of IIIb; one patient lost enzyme activity in muscle only. 3, 4 However, such patients have never been reported after the original patient, and the original meaning of IIIc apparently fell into oblivion. On the other hand, isolated glucosidase deficiency used to be labeled as other 4 or IIIf, 5 but at present, it has been named as IIIc. 6 The molecular analysis of patients with isolated glucosidase deficiency has never reported. In this study, we present clinical and genetic features of a patient with isolated glucosidase deficiency. In vitro functional analysis of p.R1147G, which was identified in patient 1, has been reported elsewhere. 7 A gene coding human glycogen debranching enzyme (gene symbol: AGL) has been shown to be 85 kb in length and composed of 35 exons, encoding a 7.0-kb mRNA. 8 Molecular analyses of GSD IIIa and IIIb have been performed in several ethnic populations and over 60 different AGL mutations have been reported to date (Human Gene Mutation Database; http://www.hgmd.cf.ac.uk/ac/index.php). Whereas only two cases have been reported in IIId, 9,10 none have been reported in isolated glucosidase deficiency.
Depending on ethnic groups, the spectrum of AGL mutations in GSD III varies. In ethnic groups with high rate of consanguinity, prevalent mutations have been reported. For example, specific mutations are prevalent in North African Jewish population and in an 16 along with one deletion (c.2474delC). 17 To investigate further molecular characteristic in Turkey, we examined 23 new cases with Turkish GSD III.
MATERIALS AND METHODS Patients
A total of 23 Turkish GSD III patients from 21 unrelated families were investigated. Patients 7 and 8 were siblings. Patients 16 and 17 were siblings as well. Clinical features were shown in Table 1 . A total of 18 patients lived in Turkey and 5 in Germany. The patients were confirmed as having deficient debranching enzyme activity in peripheral blood cells by the method of Shin. 18 Consanguinity was ascertained in 18 out of 21 families. The methods to evaluate cardiomyopathy were electrocardiography and echocardiography. The study was approved by local ethics committees and performed with the patients' and their families' informed consent. Patient 1 is one of three children in a consanguineous family. Her parents were first cousins. Her sister died at birth and her brother died at age of 7 months due to cardiac insufficiency. She was first noticed to have hepatomegaly at age of 1 year and 3 months. Liver biopsy was performed at age 2 years and histological examinations showed glycogen accumulation and fibrosis. She suffered from tuberculosis when she was 9 years and 6 months old, and was treated for 6 months. Now patient 1 is 14 years and 5 months old, her physical and mental development have been normal. Her present clinical symptom is mild hepatomegaly only. She has experienced no episodes of hypoglycemia and has not showed muscle weakness on physical examination. Her electrocardiogram and echocardiogram are normal. Her plasma creatine phosphokinase level is 79 U l À1 (normal range: 62-287). Aspartate aminotransferase is 58 U l À1 (normal range: 5-32), alanine aminotransferase 84 U l À1 (normal range: 7-35), uric acid 3.7 mg per 100 ml (normal range: 2.6-6.0), triglycerides 218 mg per 100 ml (normal range o150), cholesterol 260 mg per 100 ml (normal range: o220) and lactate 0.8 mmol l À1 (normal range o2).
DNA sequence analysis of AGL
Genomic DNA was isolated from peripheral blood leukocytes. The full coding exons, their relevant exon-intron boundaries and the 5¢-and 3¢-flanking regions of the patients' AGL were sequenced directly, as described previously. 13 The nucleotides of AGL cDNA were numbered according to AGL isoform 1 (GenBank accession no. NM_000642).
Point mutations identified in patients were verified using restriction fragment length polymorphism (RFLP). RFLP analyses to detect p.W1327X and c.1019delA were described previously. 16, 19 Besides, a pair of primers (Table 2) were used for PCR and each specific restriction endonuclease was added to digest PCR products. Restriction digests were analyzed on a polyacrylamide gel. A total of 50 Turkish control subjects were examined by RFLP in the same manner to rule out the possibility that they are mere polymorphisms in controls.
Haplotype determination in AGL
A total of 25 single nucleotide polymorphisms (SNPs) in AGL were determined, as described previously. 16 SNPs numbers were cited according to database of Single Nucleotide Polymorphisms (dbSNP Build 130) available from http:// www.ncbi.nlm.nih.gov/SNP/.
Bioinformatical analysis
Alignment of amino acid sequences from various species was performed using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/). 20 
RESULTS
We identified 37 mutant alleles (Table 1 ) and found 10 different AGL mutations (Table 3) in Turkish patients. Eight mutations were novel and two recurrent. All 10 mutations were verified by RFLP analyses and were not found in 50 normal Turkish controls (100 chromosomes). Patient 1 was homozygous for a missense mutation in exon 27. Sequencing analysis showed an A-to-G substitution at nucleotide 3439, which replaces arginine by glycine at codon 1147 (p.R1147G).
RFLP analysis with MspI showed that patient 1 was homozygous for p.R1147G. No mutations except p.R1147G have been found in patient 1. Moreover, comparison of amino acid sequences among various species showed that arginine at codon 1147 was well preserved during evolution (Figure 1 ). 
Abbreviations: ND, not determined; SNP, single nucleotide polymorphisms.
Sequence analysis of patient 2 showed a G-to-A substitution at nucleotide 1118 in exon 10, resulting in premature termination at codon 373 (p.W373X). Patient 3 was a homozygote for p.R595X. In sequencing, a C-to-T substitution at nucleotide 1783 was found, which changes arginine to stop codon at codon 595 (p.R595X). Sequence analysis of patients 4 and 5 showed a C-to-T substitution at nucleotide 1999 in exon 16, causing premature termination at codon 667 (p.Q667X). Patient 6 had a C-to-T substitution at nucleotide 3613 in exon 28, replacing glutamine by a stop codon (p.Q1205X). Patient 7 was shown to be homozygous for a nonsense mutation. Sequencing analysis showed a C-to-T transition at nucleotide 4126 in exon 31, resulting in substitution of glutamine at codon 1376 by termination codon (p.Q1376X). RFLP analysis with PvuII indicated that patients 7, 8 and 9 were homozygotes for p.Q1376X. Patient 10 was homozygous for a T-to-G substitution at the second nucleotide of intron 4 (c.293+2T4G). Sequence analysis of patient 11 indicated a G-to-A substitution at the first nucleotide of intron 8 (c.958+1G4A).
Sequence analysis of patient 12 revealed a G-to-A substitution at nucleotide 3980 in exon 31 that replaces tryptophan by termination codon at codon 1327 (p.W1327X). RFLP analysis with XbaI, as described previously, 19 indicated that six patients 12, 13, 14, 15, 16 and 17 were homozygous for p.W1327X.
In patient 18, sequencing analysis revealed deletion of A at nucleotide 1019 in exon 9 (c.1019delA), leading to a premature termination because of frameshift. RFLP analysis with EcoRI, as described previously, 16 showed that patients 18 and 19 were homozygotes and patient 20 was heterozygote for c.1019delA. Sequencing analysis did not detect the other mutation of patient 20.
No mutations were detected in patients 21, 22 and 23. Patients had neither c.846+5G4A, c.2681+3dup nor c.2474delC, each of which was reported in Turkish GSD III. In addition, mutations in exon 3, reportedly associated with GSD IIIb, were not detected in any of 23 patients.
Geographic distribution of patients in Turkey was shown in Figure 2 . Six patients with p.W1327X were all form two nearby cities on the East Black Sea.
AGL haplotype analysis of 10 mutations was shown in Table 3 . Six patients with p.W1327X shared the same haplotype. Patients with same mutations, that is, two with p.Q667X, three with p.Q1376X and three with c.1019delA had identical haplotypes. These results indicated that patients with same mutations were descendants from a common ancestor in Turkey. Moreover, each haplotype had at least one different SNP, although haplotypes with p.R595X and c.958+1G4A were identical except rs2291638, which we could not determine in patient 11 with c.958+1G4A.
DISCUSSION
We have shown the allelic heterogeneity of AGL mutations in patients of Turkish ancestry. Our genetic analysis of 23 Turkish patients revealed 10 different mutations. Five novel nonsense mutations (p.W373X, p.R595X, p.Q667X, p.Q1205X and p.Q1376X,) are predicted to lead to premature termination, which completely abolishes the enzyme activity. Those premature stop codons are likely to be recognized by nonsense-mediated mRNA decay machinery, leading to absence of AGL mRNA. Two splicing mutations (c.293+2T4G and c.958+1G4A) are predicted to impair normal splicing, because the 5¢-dinucleotides in the donor splice site should be GT for normal splicing. At the second nucleotide of the donor splice site in intron 4, the substitution by a different nucleotide (c.293+2T4A) was reported to cause aberrant splicing. 21 Computational splice site analysis indicated that both mutations completely abolished the function of the donor splice site, suggesting that the mutation is likely to obliterate the splicing. 22 A novel AGL missense mutation p.R1147G was identified in patient 1. As far as arginine at codon 1147 is concerned, this amino acid is conserved across species and located in the C-terminal half of AGL. In addition, site-directed mutagenesis study in yeast glycogen debranching enzyme showed that amino acid substitutions in the C-terminal half lost glucosidase activity, but retained transferase activity. 23 Moreover, we expressed p.R1147G mutant and normal AGL proteins in COS cells transiently, and measured both glucosidase and transferase activities. 7 The p.R1147G exhibited negligible glucosidase activity, but retained 40% of transferase activity compared with wild AGL. p.R1147G might alter the tertiary conformation of the enzyme and slightly reduce the transferase activity. However, transferase activity level is not deficient and this is different from IIIa. 4 To our knowledge, p.R1147G is the first missense mutation associated with isolated glucosidase deficiency. Clinically, patient 1 had mild hepatomegaly, but showed neither clinical muscle involvement nor hypoglycemia. Follow-up of patient 1 is under way. p.W1327X is a prevalent mutation in Turkish GSD III patients. All six patients come from two nearby cities on the East Black Sea. AGL haplotype analysis showed that all six patients had the same haplotype, indicating a founder effect, that is, they had a common ancestor. As p.W1327X was reported in a Tunisian, 24 an Egyptian, 19 a Caucasian from Canada 16 and a German-Ukraine 25 patient, we compared AGL haplotypes of Egyptian, Caucasian and Turkish patients studied by us to determine whether the mutation occurred independently. Three haplotypes were different: (1) the Egyptian had t in rs2307129, whereas Turkish and Caucasian had c; (2) the Caucasian had a in rs1541041, whereas Turkish and Egyptian had t. These results suggested that W1327X is a recurrent mutation in various ethnic groups.
As for clinical features, we could not observe robust phenotypegenotype relationship. Even in patients with the same mutation, clinical features varied. For example, patients with p.W1327X had unique clinical courses. Patient 12 had macroglossia inhibiting her ability to speak at diagnosis. After the onset of dietary treatment with high protein, the symptom dissipated. As she was the eldest patient in the group, this problem may be associated with late diagnosis at an older age. Patient 16 had severe muscle weakness and died from cardiac failure at the age of 19 years, whereas patient 12 lives to the age of 55 and with mild muscle involvement. Other factors modulating the progression of clinical features may exist and further studies will be needed to elucidate them.
In summary, we showed the first comprehensive overview of clinical and molecular features of Turkish GSD III patients. This is the first report of the missense mutation being associated with isolated glucosidase deficiency.
